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D
rosophila telomeres are maintained
as a result of transpositions of
specialized telomeric retrotransposons.
The abundance of telomeric retroelement
transcripts, as well as the frequency of
their transpositions onto the chromosome
ends, is controlled by a PIWI-interacting
RNA (piRNA) pathway. In our recent
report, we demonstrate strong evidence
of piRNA-mediated transcriptional silen-
cing of telomeric repeats in the Droso-
phila germline. Telomerase-generated
repeats serve as a platform for recruiting
specialized DNA-binding proteins which
are involved in chromosome end protec-
tion and in the telomere length control.
No specific proteins are known to bind
to heterogeneous long sequences of the
Drosophila telomeric retrotransposons.
The importance of the piRNA silencing
mechanism in the formation of telomeric
chromatin along the region of the retro-
transposon array will be discussed. We
propose that Drosophila telomeric retro-
transposon HeT-A serves as a template
for the piRNA-mediated assembly of the
specific protein complex, which is func-
tionally similar to the recruiting of the
DNA-binding telomeric proteins by the
telomerase-generated repeats. The role of
the piRNA pathway components in the
assembly of the telomere capping com-
plex was recently unveiled. Taken
together, these data elucidate the import-
ance of the piRNA pathway in the
Drosophila telomere homeostasis.
Drosophila Telomeric Sequences
are Targets of piRNAs
In most eukaryotes, telomere maintenance
is provided by the telomerase activity
which generates an array of short 6–9
nucleotides repeats using the RNA
template encoded by a cellular gene.
Drosophila telomeres are elongated by
transpositions of specialized telomeric
retrotransposons, HeT-A, TART and
TAHRE, onto chromosome ends where
they are found in mixed head-to-tail
arrays.
1,2 In this case, the RNA template
for telomere elongation is encoded by the
telomeric sequences themselves. Droso-
phila telomere elongation via assistance
of retrotransposition of mobile elements
represents a striking example of adaptation
of selfish genetic elements to the realiza-
tion of the vital cellular function.
Silencing of mobile elements in germ
cells depends on a distinct class of RNAs
called PIWI-interacting RNAs
3 associated
with Argonaute proteins from the PIWI
subfamily.
4 piRNA pathway mutations
lead to overexpression and mobilization
of retrotransposons in the germline.
4,5
Drosophila telomeric retroelements, as
well as other parasitic elements, were
shown to be targets of the piRNA-
mediated silencing pathway.
6-8 The expres-
sion and transposition frequency of the
telomeric retroelements are negatively
regulated by the Spn-E and Aubergine
components of the piRNA pathway in
the female germline.
6 In other words, the
increased telomeric element expression
in mutant flies is correlated with an
increased frequency of their transposition
and, consequently, in telomere elonga-
tion.
6 This assay was performed using
broken terminally deleted chromosomes.
However, spn-E or aub mutant lines do
not have detectably greater numbers of
HeT-A and TART in their genomes.
6,9
This may indicate that truncated chromo-
some ends are more sensitive to telomeric
element attachments than native telo-
meres. Recent studies revealed an increase
in HeT-A copy number in the genomes of
armi and ago3 piRNA pathway mutant
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stocks.
9 These data provide strong evid-
ence of the involvement of the piRNA
pathway in the control of Drosophila
telomere length. Components of telomeric
chromatin also play an important role in
the regulation of Drosophila telomere
elongation, most likely through the limit-
ation of accessibility of the chromosome
end for transpositions. It was shown that
mutations in the gene for heterochromatic
protein 1 (HP1), a chromatin protein and
a component of the telomere cap com-
plex, increase both the abundance of
HeT-A and TART RNA and their fre-
quency of transposition to broken ends.
10
Lines heterozygous for HP1 mutations
show an increase in telomeric retrotran-
sposon copy number.
10 The germline-
specific HP1 homolog Rhino is required
for production of piRNAs and transposon
silencing, including telomeric elements.
11
rhi mutants also have longer telomeres in
their genomes.
11 These data imply that
the control of the natural telomere length
is more complex and depends both on
telomere chromatin components and the
piRNA pathway. It is tempting to specu-
late that interplay between both mechan-
isms provides proper telomere functioning.
In different organisms, short RNAs
were shown to be implicated in the
posttranscriptional degradation of mRNA
and/or transcriptional repression of the
homologous locus. In the Drosophila
model, piRNAs were shown to be essential
for the post-transcriptional retrotransposon
mRNA degradation in the germline,
12
however no direct evidence of the
piRNA-mediated transcriptional silencing
was obtained. In our recent study, we
initially wished to address the mechanism
of piRNA-mediated silencing of telomeric
retrotransposons. This problem is of great
interest because, in the case of transcrip-
tional silencing, it might concern the
formation of the telomeric chromatin
which is involved in meiotic and mitotic
telomere behavior.
piRNAs Mediate Transcriptional
Silencing of Telomeric
Retrotransposons
An siRNA-mediated spreading of hetero-
chromatin is involved in the centromeric
and telomeric repeat silencing in yeast.
13,14
In this case, short RNAs homologous to
the centromeric and subtelomeric repeats
guide histone methyltransferase to the
target locus to methylate lysine 9 of
histone H3 (H3K9) with subsequent
binding of the yeast HP1 homolog Swi6.
In Drosophila, it is still unknown whether
piRNAs affect the transcriptional state of
retrotransposons. To address this ques-
tion in our study we decided to directly
estimate the transcriptional status of
retroelements in the germline of piRNA
pathway mutants rather than to look for
the histone marks of known chromatin
modifying pathways in attempt to connect
them with the piRNA pathway. In fact,
considering that different transposable
element subfamilies may have principally
distinct mechanisms of the control of their
expression and chromatin structure, we
do not exclude the possibility that the
mechanism of the piRNA-mediated chro-
matin protein recruitment depends on
genomic context of the target sequences.
We explored different approaches to
estimate transcriptional activity of the
telomeric retroelements in the piRNA
pathway mutants.
15 Nuclear run-on assay
on ovarian tissues was applied to estimate
the density of transcriptionally active
RNA-polymerase complexes at the loci
of interest. An increase in the nascent
transcripts emerging from telomeric loci
as well as from some other retrotrans-
posons was found. This observation was
strengthened by the fact of the increase
of retrotransposon sequence association
with two histone H3 modifications
(dimethylation of lysines 4 and 79) known
to be linked to the RNA polymerase II
activity. Using combined DNA/RNA
FISH, we obtained visual confirmation of
the piRNA-mediated transcriptional regu-
lation of the telomeric retrotransposons.
Namely, nascent HeT-A and TART trans-
cripts accumulate at the sites of trans-
cription at the telomeres in the piRNA
pathway mutants. These data provided
strong evidence that piRNAs impact
transcriptional status of their target loci.
Thus, transposon defense in the Droso-
phila germline is a combination of the
piRNA-mediated post-transcriptional and
transcriptional silencing. On the one hand,
it seems that telomeric retrotransposons
along with parasitic transposons are the
robust targets of this defense system. On
the other hand, these retroelements form
telomeres suggesting an additional role
for the piRNA pathway in the telomere
homeostasis, probably, in the piRNA-
mediated telomeric chromatin assembly.
In the absence of telomerase generated
repeats, Drosophila telomeric retrotran-
sposons may be considered as a platform
for the specific telomeric protein binding.
The most plausible candidate for this role
is HeT-A. HeT-A element is the main
structural component of telomeres present
at each chromosome arm in contrast to
TART and TAHRE which are represented
by a few copies. The total HeT-A copy
number is estimated to be ~30 per
genome, which is comparable with the
copy number of other retrotransposon
families.
16,17 However, the dramatic effect
of HeT-A overexpression in the piRNA
pathway mutants (up to 1,000-fold) con-
siderably differs from the effects on other
retrotransposons which expression increa-
ses in 5–50 times.
15 According to the
run-on analysis, the HeT-A transcriptional
rate is increased up to 60-fold as a result
of the piRNA pathway disruption.
15 It
looks like piRNAs trigger assembly of the
higher order inhibition protein complex
at the HeT-A sequences. Prolonged
3'UTRs of HeT-A elements were proposed
to serve as a platform for the protein
binding to form a specific telomeric
chromatin.
18 What is known about chro-
matin structure of the telomeric retro-
transposon array?
The retrotransposon array exhibits
euchromatic characteristics since P-
element insertions into this region are
not silenced in somatic tissues.
19 This
domain has the histone marks which are
associated with actively transcribed genes;
however, no actively elongating RNA
polymerase II isoform was detected in this
region when polytene chromosomes of
larval salivary glands were inspected.
20
This fact is in agreement with the observ-
ation that HeT-A transcripts are not
detected in this tissue.
21,22 There is no
data concerning telomeric chromatin state
in the germ cells. From our recent results
it may be deduced that in germ cells
telomeric retrotransposon repeats display
the features of an open chromatin as
well.
15 We have shown that expression of
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the telomeric HeT-A/yellow reporter origi-
nated as a result of HeT-A attachment
to the truncated yellow gene is regulated
at transcriptional level by the piRNA
pathway. Additionally, we have tested the
Drosophila lines in which the attach-
ments of telomeric elements have occurred
~100–1,000 bp upstream of the yellow
promoter to the terminal deleted X
chromosome. In these cases, no changes
of the yellow expression were observed in
the piRNA pathway mutants. This fact
indicates that the inactive chromatin, if
to assume its formation at the telomeric
retrotransposon sequences via the piRNA
assistance, does not spread onto the
adjacent yellow promoter region. One
may suggest that piRNAs mediate
sequence-specific binding of the inhibition
protein complex locally at the HeT-A
promoter in the germ cells rather than
heterochromatinization along telomeric
arrays (Fig.1). It should be noted here,
that HeT-A promoter is located on the
very 3' end of the retrotransposon and
drives transcription of the downstream
element.
23 Drosophila telomeres contain a
mixture of the complete and 5' truncated
HeT-A copies; the last of them possesses
an active promoter. For example, there are
five full-size and seven truncated HeT-As
distributed throughout the fourth chro-
mosome telomere of the stock sequenced
by the Genome Project.
16 Of course, it is
considerably less than the copy number of
the telomerase-generated repeats, however,
enough to be considered as a putative
platform for the telomere protein binding.
Components of the transcriptional initia-
tion complex may be considered as a puta-
tive link between piRNAs and inhibition
of the transcription (Fig.2). However,
little is known about the transcription
factors involved in the telomeric element
expression. The PROD protein was shown
to bind HeT-A 3' UTR causing a trans-
criptional repression of the HeT-A expres-
sion.
24 This protein of the unknown
function which is present at the centric
heterochromatin, as well as at numerous
euchromatic sites, was proposed to be
required for changing the telomeric repeat
chromatin structure. These fragmentary
data are not sufficient to propose a possi-
ble candidate for the role of a piRNA
partner in the HeT-A transcriptional
complex. We believe that future studies
will allow revealing such components.
Fission yeast employs two independent
mechanisms to maintain gene silencing
at telomeres. A chromatin-remodeling
complex is recruited to yeast telomeres
via the interaction with telomeric repeat
binding proteins Ccq1 and Taz1 or the
RNAi machinery that acts through repeat-
like sequences embedded within subtelo-
meric regions.
14 It is tempting to speculate
that HeT-A-specific piRNAs facilitate
assembly of the telomeric protein complex
on the HeT-A sequences providing telo-
mere functioning in the absence of
telomerase generated repeats.
piRNAs and Telomere Capping
aub and armi piRNA pathway mutations
lead to telomere fusions during the
cleavage division stage in early embryos,
which suggests that these components are
required for telomere resolution.
9 These
mutations also reduce the HOAP and
HP1 cap components binding to telo-
meres thus disrupting the assembly of
the telomere protection complex. A sub-
population of telomere-specific piRNAs
was proposed to direct assembly of the
telomere cap.
9 However, in Drosophila,
chromosome ends are capped by a
sequence-independent manner providing
cap formation in the absence of telomeric
retrotransposon sequences at terminally
deleted chromosomes both in somatic
and germinal cells.
15,25 Most likely,
piRNAs provide a redundant pathway
for the telomere capping protein recruit-
ment. In this case, telomere fusions dur-
ing mitosis in the aub and armi mutants
could not be explained exclusively by
Figure1. Mechanism of the piRNA-mediated silencing of the telomeric repeats. (A) Schematic
representation of the two possible scenarios of the piRNA-mediated telomeric chromatin assembly
is shown. Heterochromatin spreading or binding of the transcriptional inhibitors might be
responsible for the piRNA-mediated transcriptional silencing of the telomeric repeats. (B) A scheme
of the experiment indicating that the putative inhibition protein complexes recruited to the HeT-A
promoter via the assistance of piRNAs do not spread into adjacent regions. We have studied effect
of the piRNA pathway disruption on the expression of the yellow gene located at the end of the
terminally deleted chromosome. Attachment of the HeT-A to the truncated yellow gene results in
the appearance of the fused HeT-A/yellow transcript which expression is downregulated at
transcriptional level by the piRNA pathway (upper scheme). When HeT-A attaches upstream of the
yellow promoter, yellow expression is not affected by the piRNAs (lower scheme).
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disruption of the telomere capping. The
piRNA-mediated chromatin formation at
the retrotransposon array is proposed to
be important for the mitotic telomere
behavior (Fig.2). Besides, subtelomeric
sequences also produce piRNAs
4 and
may be considered as a putative platform
for the piRNA-mediated chromatin assem-
bly. In this context, it would be interesting
to look at the behavior of the terminally
deleted chromosomes, which lack both
telomeric retrotransposons and subtelomeric
repeats, in the piRNA pathway mutants.
Which of the telomeric sequences are really
involved in the meiotic and mitotic telomere
behavior, and if the piRNA pathway plays
a role in this process are challenging but
important questions in the understanding
of the telomere homeostasis.
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